Interaction of glucose/mannose-binding lectins in solution with immobilized glycoproteins was followed in real time using surface plasmon resonance technology. The lectins which share many biochemical and structural features could be clearly differentiated in terms of their specificity for complex glycoconjugates. The most prominent interaction of the lectins with PHA-E comparing with soybean agglutinin, both glycoproteins exhibiting high mannose oligosaccharides, suggests that the whole structure of the glycoproteins themselves, may interfere in affinity. These findings also support the hypothesis that minor amino acid replacements in the primary sequence of the lectins might be responsible for their divergence in fine specificity and biological activities. This is the first report using surface plasmon resonance technology that evidences differences of Diocleinae lectins in respect their fine glycan-specificity.
Extensive studies have been devoted to the carbohydrate-binding specificity of plant lectins (Goldstein & Poretz 1986 ). However, although the molecular basis for the monosaccharide-binding specificity of plant lectins is now well documented (Drickamer 1995 , Rini 1995 , little is known on the extended carbohydrate-binding site of lectins which allows these proteins to specifically recognize oligosaccharides and complex glycans. Following the pioneering results of Bourne et al. (1990 Bourne et al. ( , 1992 Bourne et al. ( , 1994 on the two glucose/mannose-specific isolectins of Lathyrus ochrus seeds (Vicieae), a few other results have been reported on EcorL from Erythrina corallodendron (Shaanan et al. 1991) , the pea lectin (Rini et al. 1993) , GSIV from Griffonia simplicifolia (Delbaere et al. 1993 ) and the lentil lectin (Loris et al. 1993) . Recently, the crystal structure of ConA complexed to Manα1-6(Manα1-3)Man has been solved at 2.3 Å resolution by Naismith and Field (1996) . In addition to the amino acid residues forming the monosaccharide-binding site, other neighbouring residues located at the surface of the lectin also participate in the binding of complex glycans and altogether these residues form an extended carbohydrate-binding site. According to the noteworthy changes occurring in the surface exposed amino acid residues of lectins (Young & Oomen 1992 ), a few amino acid replacements could be responsible for the discrepancies of the glycan-binding specificity observed among more or less closely related plant lectins.
The carbohydrate-binding specificity of plant lectins has been classically studied by hapten inhibition of haemagglutination, using various oligosaccharides and complex glycans or glycoconjugates (glycolipids, glycoproteins) as haptenic inhibitors. Surface plasmon resonance, which allows the measurement in real time of the lectin-glycoprotein interactions, now offers a time-saving and more specific alternative to the classical hapten inhibition of haemagglutination. This technique is particularly suitable for revealing subtle differences in the glycan-binding specificities of closely related lectins. In the present work, it was used to discriminate among the glycan-binding specificities of closely related mannose/glucose-specific lectins from the sub-tribe Diocleinae. Even though they are structurally closely related (Ramos et al. 1996a) , previous results dealing with the monosaccharide-binding specificity of these lectins have shown that a few discrepancies occur among these proteins (Ramos et al. 1996b ).
MATERIALS AND METHODS
Lectins from Canavalia brasiliensis (ConBr), C. maritima (ConM), Dioclea grandiflora (DGL), D. virgata (DVL) and Cratylia floribunda (CFL) were isolated by affinity chromatography on Sephadex G-50 (Pharmacia), as previously described (Moreira et al. 1983 , Moreira & Cavada, 1984 , Oliveira et al. 1991 . Con A (Type IV), carbohydrates, glycoproteins and chemicals were purchased from Sigma Chemicals Co. (St Louis, USA).
For the amino acid sequence comparison of the Diocleinae lectins, the amino acid sequences of Con A (Jones, D.H., EMBL ID CECONA1, EMBL AC X01632), ConG from C. gladiata (Yamauchi et al. 1989) , ConL from C. lineata (Fujimura et al. 1993) , ConM from C. maritima (Perez et al. 1991) , ConV from C. virosa (Fujimura et al. 1993) , DGL from D. grandilfora (Richardson et al. 1984) and DLL from D. lehmanni (Perez et al. 1991) were taken from the corresponding references. The amino acid sequence alignments were carried on a MicroVAX 3100 (Digital, Evry, France) using the Ialign program of PIR/NBRF (Washington, USA). The program SeqVu (Gardner J, 1995, Supported by CNPq, CNRS and International Foundation for Science.
The Garvan Institute of Medical Research, Sydney, Australia) was used to compare the amino acid sequences of the Diocleinae lectins.
Specific-interaction analyses of lectins with various glycoproteins [PHA-E, SBA, arcelin-1 (ARCE-1), hen ovalbumin (OVA), orosomucoid or acid α-glycoprotein (ORO), ovomucoid (OVO), bovine lactotransferrin (BLT) and human serotransferrin (HST)] were performed by surface plasmon resonance (SPR) using a biosensor BIAcore (Pharmacia Biosensor AB). The lectins, used at concentrations ranging from 0.25 up to 100 µg.ml -1 in HBS pH 7.4, were injected for 5 min onto the glycoprotein-bound surface of the sensor chip at a flow rate of 5 µg.ml -1 . Intensity of interaction which traduces affinity, was considered as the difference between values of arbitrary resonance units (RU) at the moment of injection and the beginning and the end of dissociation phase. The change of the SPR response, (RU), was monitored at 25°C for 9.30 min. The same glycoprotein sensor chip surface was used repeatedly after removing the remaining immobilized lectins by two successive washes with 10 mM HCl and 10 mM NAOH for 2 min each. The immobilized glycoproteins predominantly contain glycans of the high-mannose type (PHA-E, SBA, ARCE-1, OVA, OVO, BLT) and complex glycans of the N-acetyllactosaminic type (ORO, HST) (Montreuil 1984) . All these glycoproteins exhibit a more or less exposed trimannoside core Manα1-6(Manα1-3)Man which was shown to specifically interact with the extended carbohydrate-binding site of Con A (Naismith & Field 1996) .
For immobilization, glycoproteins were used at a concentration of 1 mg.ml -1 in 5 mM sodium acetate buffer pH 4.0. According to the change of SPR response, expressed in resonance units (RU), as a result of the immobilization of the glycoproteins on the carboxymethylated dextran layer covering the sensor chip, an estimated surface concentration of 10 ng.mm -2 of dextran was obtained for the immobilized proteins. Sensor chips (CM 5) and all the chemicals required for the activation of the carboxymethylated dextran and the immobilization of glycoproteins (100 mM N-hydroxysuccinimide, 400 mM N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride, and 1 M ethanolamine hydrochloride adjusted to pH 8.5 with NAOH) were obtained from Pharmacia Biosensor AB. HBS (10 mM Hepes, pH 7.4, 150 mM NaCl, containing 0.05% BlAcore surfactant P20) used for the biosensor measurements, was from Pharmacia Biosensor AB. Surface plasmon resonance technology has been largely used to study interaction and affinity between biomolecules, based solely in the comparison of sensorgrammes produced by the real time interaction analysis, although a complete kinetic of the interaction can be determined if all parameter required are controlled (Raghavan & Bjorkman 1995 , Haseley et al. 1999 , Rich & Myszka 2000 .
RESULTS
As shown from surface plasmon resonance measurements, various lectins from the Diocleinae sub-tribe interacted with all of the glycoproteins used as glycan probes. However, great discrepancies occurred according to the glycoproteins used (Fig. 1) . In this respect the lectins Time (s) Response (resonance units) Fig. 1 : sensorgramme showing the interaction of circulating ConBr with immobilized PHA-E (1), ARCE-1 (2), BLT (3), SBA (4), and HST (5). For each curve, the increasing portion corresponds to the association phase (presence of lectin into the circulating buffer) while the decreasing portion corresponds to the dissociation phase (no lectin into the circulating buffer) strongly reacted with glycoproteins containing more or less branched glycans of the high-mannose type, e.i. PHA-E and ARCE-1 from P. vulgaris, BLT, OVA and SBA. A very strong interaction was observed with the highly branched high mannose glycans of PHA-E and ARCE-1. They interact to a lower extent with glycoproteins bearing glycans of the complex or N-acetyllactosaminic type, i.e. ORO, OVO and HST.
Some discrepancies also occurred when comparing the different Diocleinae lectins (Fig. 2) . ConBr and DGL interacted with PHA-E and ARCE-1 more strongly than the other checked lectins. CFL highly reacted with BLT while ConBr, ConM and DGL were the most reactive lectins towards OVA. The Diocleinae lectins exhibited similar interaction with SBA, except for ConBr and ConM which were the most reactive. Similarly, the interaction with ORO was weak, except for ConBr and DVL. Finally, all checked lectins interacted very weakly with the complex glycancontaining glycoproteins, OVO and HST. Surprisingly, ConBr reacted more strongly than other Diocleinae lectins with almost all of the assayed glycoproteins.
Hapten inhibition experiments of the glycoprotein-lectin interaction (e.g. ARCE1/ConM) performed by monitoring the effects of increasing amounts of α1-3, α1-6 Mannotriose (triMan3,6) added during the dissociation phase, showed a significant decrease of the previously bound ConM (result not shown), thus indicating that the interaction of the lectins with the oligomannosidic moiety of the glycoproteins is highly specific. In addition, these results suggest that the lectin-glycoprotein interaction mostly depends on the recognition of more or less extended glycans by the lectins since the inhibition occurring with simple sugars, e.g. mannose, is far from being so pronounced.
DISCUSSION
The glycan-binding specificity of ConA was previously investigated by measuring the retardation of labelled glycans passing through a column of insolubilized lectin (Debray et al. 1981 (Debray et al. , 1983 . This lectin was shown to specifically recognize glycans of both the high mannose and the complex or N-acetyllactosaminic types. ConA interacts with glycans of the N-acetyllactosaminic type by a pentasaccharide corresponding to the trimannoside core Manαl-6(Manαl-3)Man substituted by two β(1-2) linked GlcNAc. It also interacts with the exposed non-reducing α(1-2) linked Man residues of the high-mannose type glycans.
The structural basis for the interaction of ConA with the trimannoside core Manα1-6(Manα1-3)Man has been investigated by Naismith and Field (1996) . The specific recognition of the trimannoside core by ConA depends on the interaction of the extended binding site of the lectin with both the reducing and α1,3-linked mannose units. A network of hydrogen bonds involving residues Tyr l2 , Asn l4 , Thr l5 , Asp l6 , Leu 99 , Tyr 100 , Asp 208 and Arg 228 interact with the hydroxyls of the three mannose units. In addition, the interaction is completed by Van der Waals contacts occurring between the mannose units and residues Tyr l2 , Pro l3 , Asn l4 , Thr l5 , Asp l6 , Gly 98 , Leu 99 , Tyr 100 , Ala 207 , Asp 208 , Gly 227 and Arg 228 . Although some of the amino acid residues forming the extended binding site of Con A are identical or homologous to those found in PsA (Rini et al. 1993) and LoLI (Bourne et al. 1994) , this binding pattern is substantially different since three polar residues (Tyr l2 , Asp l6 and Arg 228 ) replace non polar residues (Phe, Ala and Gly) in both PsA and LoLI. All the amino acid residues of ConA involved in both the hydrogen bonds and Van der Waals contacts are conserved in other Diocleinae lectins of known amino acid sequences (Fig. 3) .
The most striking result concerns the discrepancies observed among the glycan-binding affinities of the assayed Diocleinae lectins. In this respect, ConBr appears as the most reactive lectin while ConA or ConM often react more weakly with the glycoproteins. Obviously, these discrepancies are difficult to explain on the basis of the very limited amino acid changes observed when the amino acid sequences of the different Diocleinae lectins are compared (see Fig. 3 ). However, according to Young and Oomen (1992) , a few amino acid changes occurring in the vicinity of the monosaccharide-binding site could be responsible for the distinct glycan-binding specificities of closely related lectins. Except for two of them (Val 17 in ConM, which replaces a Leu residue in other lectins; Ser l62 in DGL and Asp l62 in DLL, which replace an Asn residue in other lectins), all the other hyper variable residues over a total of 17 residues located around the monosaccharide-binding pocket are strictly conserved in all the Diocleinae lectins. Accordingly, the very conserved character of both the monosaccharide-binding site and the surface-exposed surrounding residues can not account for the observed glycan-binding affinities.
Recently, the crystal structure of ConBr was solved at 3.0 Å resolution (Sanz-Aparicio et al. 1997 ) and, although its monomer could be well superposed to that of ConA (rms of 0.65 Å), some discrepancies were observed when the superpositions of ConBr and ConA dimers (rms of 0.84 Å) and tetramers (rms of 1.62 Å) were performed. These differences in the quaternary structures may account for the quite distinct biological properties exhibited by these two lectins (Barral-Netto et al. 1992 , Rodriguez et al. 1992 , Bento et al. 1993 , Gomes et al. 1994 , Ferreira et al. 1996 . Similarly, they could account for the reported discrepancies in the lectin-glycoprotein interactions.
Lectins from the Diocleinae sub-tribe thus exhibit very different glycan-affinities and biological properties, although they share very similar amino acid sequences and monomeric structures. They constitute an interesting example of proteins whose the structure-function relation- ship mainly depends on the quaternary arrangement of its monomers.
